This paper deals with color image simplification using levelings. This class of connected filters suppresses details but preserves the contours of the remaining structures or objects. As the notion of "color structure" is not trivial, the formulation of morphological operators for color images involves many open issues. The principle choice of a welldefined color space is crucial and it is proposed to work on a luminance/saturation/hue representation defined by the norm L 1 . A family of morphological color operators is then introduced using the classical formulation with total orderings by means of lexicographic cascades. In this framework, a methodology for color image simplification is introduced, which takes advantage of a saturation-controlled combination of the chromatic and the achromatic (or the spectral and the spatio-geometric) components. More precisely, it is based on the application of a color leveling to each significant region, specifically adapted to the nature (chromatic/achromatic) of the region and which needs an initial image partition into the homogenous regions. Experimental results illustrate the performance of the new developed algorithms.
Introduction
Descriptions of human visual cortex suggest that the color (chromatic or spectral variation) and the form (achromatic or intensity variations) of the object contours in a real scene are analyzed by independent subsystems (anatomically segregated neural populations). Recent results, moreover, show that cortical neurons can simultaneously code for both attributes, adaptively combining the different sources. 16 In computer vision it now seems certain that the color and the geometry must be used in a combined way, following a conceptual approach which copies the human image perception. Most image processing techniques are defined for gray-level functions in order to exploit the geometric information of the digital images. Classically, in the practice of color image analysis, the easiest solution consists in applying the (scalar) gray-level algorithm to the (vectorial) color images independently to each channel.
More recent works attempt to extend adaptively the spatio-geometrical transformations for the color images by defining new specific algorithms. See, for instance, the studies in the scale-space theory, 11 for the partial differential equations or in the level sets approach. 9, 30 In this paper we focus on the application to color images of a mathematical morphology operator, the leveling, for filtering the "color structures". The aim is to simplify their complexity, that is, to remove the insignificant details, preserving the largest homogenous regions and in addition, keeping the original colors. This low-level task is fundamental for other image processing issues: object segmentation, feature extraction and indexing, coding and compression, etc. However the notion of "color structure" is not trivial, and hence the formulation of morphological operators for color images involves many open issues. Thus while the introduction of new colors in the filtered image can be critical for certain applications, it can also be unimportant for others. It should not be forgotten that working in a vectorial way with color images involves a computational complexity burden. Moreover, there is a multitude of choices to make for the definition of a specific color operator: color space, vectorial ordering, etc. And finally, another important question is the control of the required simplification degree.
The principle choice of a well-defined color space is crucial and here we deal with a recently proposed luminance/saturation/hue representation defined by the norm L 1 , and more particularly, we take advantage of the function of the saturation variable. For human vision, the most significant parameter is the hue in high saturated areas, and it turns to luminance when saturation decreases. This variable enables to locate regular areas, for segmenting partitions, and to define the nature of a region as chromatic (hue dominant) or achromatic (luminance dominant). The saturation, as the main variable to define image processing algorithms, has already been the subject of several works. 8, 10, 29 Mathematical morphology is the application of lattice theory to spatial structures, 15, 25 i.e. the definition of morphological operators needs a totally ordered complete lattice structure. Therefore, the application of mathematical morphology to color images is difficult due to the vectorial nature of the color data. Fundamental references to works which have formalized the vector morphology theory are in Refs. 13 and 26.
The morphological connected filters have the comfortable property to suppress details but preserve the contours of the remaining objects. 23 Levelings are a subclass of symmetric connected operators that have originally been defined and studied for gray-level images by Meyer. 19, 21 Several extensions to vector spaces have been proposed. In Ref. 12, Gomila and Meyer proposed two alternatives to the problem: (1) pseudo-scalar levelings, projecting the vector space onto a fixed vector and, after scalar leveling, back projection into the vector space; (2) The paper is organized as follows. A brief analysis of some basic concepts concerning the application of mathematical morphology to color images are included in Sec. 2 -mainly the equations of the luminance/hue/saturation color space in norm L 1 and on the other hand, the extension of morphological color operators using the classical formulation by means of lexicographic cascades (in particular, the color levelings). In Sec. 3, a methodology for color image simplification is proposed, which takes advantage of a saturation-controlled combination of the chromatic and the achromatic (or the spectral and the spatio-geometric) components. More precisely, it is based on the application of a color leveling to each significant region, adapted to the nature (chromatic/achromatic) of the region and which needs an image partition into the homogenous regions. A discussion based on the experimental results illustrates the performance of the newly developed algorithms in Sec. 4. Finally, in Sec. 5, some conclusions and perspectives are given.
Background Notions
In this section, we provide a brief analysis of some basic concepts concerning the extension of mathematical morphology to color images which we need in the sequel.
Luminance/saturation/hue (LSH) color representation in norm L 1
The principal question to deal with color images involves choosing a suitable color space representation for morphological processing. The RGB color representation has some drawbacks: components are strongly correlated, lack of human interpretation, nonuniformity, etc. A polar representation with the variables luminance, saturation and hue (lum/sat/hue) allows us to solve these problems. The HLS system is the most popular lum/sat/hue triplet. In spite of its popularity, the HLS representation often yields unsatisfactory results, for quantitative processing at least, as its luminance and saturation expressions are not norms, so the average values, or distances, are falsified. In addition, these two components are not independent, which is a pity for a vector decomposition. The reader can find a comprehensive analysis of this question by Angulo and Serra. 4 Unlike the first two bands, the hue turns out to be a precise approximation of the Euclidean value that is given in the classical HLS system. The drawbacks of the HLS system can be overcome by various alternative representations, according to different norms used to define the luminance and the saturation. The L 1 norm system has already been introduced in Ref. 27 as follows:
where max, med and min refer to the maximum, the median and the minimum of the RGB color point (r, g, b), k is the angle unit (π/3 for radians and 42 to work on 256 gray-levels) and
if r ≥ b > g allows to change to the color sector. In all processing that follows, the l, s and h components are always those of the system (1). We refer to this system as the LSH representation.
Morphological color operators from LSH
the saturation f S (x) and the negative of the h 0 -centered hue (f H (x) ÷ h 0 ) (the closest value f H (x) to h 0 must be the supremum) of the color image f at point x.
The Ω-lexicographical order or < Ω is defined as
We denote the lexicographical cascade by Ω uvw . In this case the priority is given to the component u, then to v and finally to w. Obviously, it is possible to define other orders to impose a dominant role to any of the other vector components.
The drawback of this kind of ordering is that most vector pairs are sorted by the first component chosen. There is a simple way in order to make Ω-ordering more flexible (reducing the excessive dependence of the first component), which involves the linear reduction of the dynamic margin of the first component, by applying a division by a constant and rounding off, i.e. changing u by u/α . It is named an α-modulus Ω-lexicographical ordering. 1 The choice of the value for α controls the degree of influence of the first component with regard to the others (above all the second one, since the cascade almost never reaches the third row).
We then define three main families of lexicographical orderings from the representation LSH: luminance-based Ω l|αs(h÷h0) , saturation-based Ω s|αl(h÷h0) and huebased Ω (h÷h0)sl . The value of h 0 yields an important degree of freedom which allows us to act on a specific hue. A disadvantage of the hue-based ordering is its instability for the low saturation points. Different solutions can be used which are generally based on a weighting of the hue by the saturation.
1,14
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Dilation/erosion and derived operators
Once these orderings have been defined, the morphological color operators can be defined in the standard way. We limit our developments to the flat operators.
The color erosion of an image f at pixel x by the structuring element B of size n is ε Ω,nB (f )(x) = {f (y) : f (y) = inf Ω [f (z)], z ∈ n(B x )}, where inf Ω is the infimum according to the lexicographical ordering Ω and B x is the structuring element centered at point x. The corresponding color dilation δ Ω,nB is obtained by replacing the inf Ω by the sup
A color opening is an erosion followed by a dilation, i.e. γ Ω,nB (f ) = δ Ω,nB (ε Ω,nB (f )), and a color closing is a dilation followed by an erosion, i.e. ϕ Ω,nB (f ) = ε Ω,nB (δ Ω,nB (f )).
Once the color opening and closing are defined, we can generalize to color images other classical operators such as the alternate sequential filters,
Geodesic reconstruction, derived operators, leveling
In addition, we also propose the extension of the operators "by reconstruction" implemented using the color geodesic dilation which is based on restricting the iterative dilation of a function marker m by B to a function reference f ,
In a similar way, the color leveling λ Ω (m, f ) of a reference function f and a marker function m is computed by means of an iterative algorithm with geodesic dilations and geodesic erosions until idempotence, 12, 19 i.e.
Figure 1 shows two color levelings of Lenna using a luminance-based α-modulus ordering to simplify the texture/contours of the image. As we can observe, the "size" of the removed structures is given by the "size" of the marker function. In this example, the markers are color alternate sequential filters, obviously computed according to the same lexicographical ordering as the subsequent leveling. The bottom part of Fig. 1 also depicts the corresponding false color images of color flat zones, i.e. the color flat zones are the connected components with constant color value.
Morphological Color Simplification

Limitations of levelings for color simplification
Color levelings using lexicographical orderings can therefore be used as simplification filters. Again, from previous studies, 1 the best FZR (largest flat zones) corresponds to the Ω sat ordering and especially to the Ω hue ordering which are however the worst orderings with respect to SNR. A good trade-off is given by the ordering Ω lum . Nevertheless, the main drawback of Ω hue lies in the need to have to fix an origin for the color circle which leads to nonacceptable visual effects: this origin has meaning when it is associated to a homogenous region of the color image (relatively constant hue).
On the other hand, one can note that the color of a certain region propagated without control to another neighbouring region, when this second region is simplified (suppressed), it may be inappropriate (see, for example, the propagation of a bright part of the hat of Lenna towards the outside which is dark). In addition, the degree of simplification obtained by a leveling depends on the choice of the marker, as well as the vectorial ordering used. However, it is easy to remark that the simplification of the color structures is of an unspecified proportion with the
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degree of simplification of the marker, and therefore it is difficult to fix a priori the degree of simplification.
Rationale behind the present approach
Following this critical analysis, here we propose a generalization of this filtering approach, placing it within the framework of an image representation as a partition. It is obvious that the implementation of a morphological color filter must be a trade-off between the performance (i.e. degree of suppressed details) and the visual quality, especially when it aims at simplifying the image (e.g. for coding). Let us establish the link between segmentation and filtering. In the traditional paradigm of morphological segmentation, it is advised to apply a connected operator to filter the image (i.e. to simplify it) and then, to segment it. We suppose that the result of the segmentation procedure is a partition of the image into classes or regions whose contents are homogeneous.
In particular, the mosaic color image associated to the partition, which is obtained by mean or median of the color points that belong to each class, constitutes a coarse simplification which can be useful for certain applications. If we work on the LSH representation, we assume by hypothesis that each class of the partition, and according to its average saturation in the class, will have to be mainly achromatic (black, white, grayish) or chromatic, and in this second case, there will be a dominant color in the class (i.e. the variance of the hue is small). In this scenario, one can consider that the partition is the starting point for a color filtering approach region by region separately. The filter more adapted to our goal is the leveling, and thus we can refer to the technique as regional color leveling.
Color segmentation
Consequently, the first step necessary is a color segmentation. Let
be the partition of the color image f according to the connective criterion σ, 28 i.e. D is the set of n connected components {R i } with empty intersection, and union equal to the support of f .
We have recently proposed two powerful hierarchical algorithms for color segmentation in LSH representation 2,4 which can be used to obtain the color partition. For all the examples shown in this study, we applied as connective criterion, for the color partition, a certain level of a nonparametric hierarchical watershed, 6, 7 where the gradient color used is a barycentre according to the saturation of a gradient of the luminance and a circular gradient of the hue, i.e.
. Using this nonsupervised segmentation algorithm, the only parameter to be set is the level of the pyramid. In Fig. 2 , the mosaic image of the level 3 for the pyramid of segmentation of image Lenna is shown. 
Algorithms proposed for color simplifying
We introduce two algorithms for color simplifying. The first one is a vectorial technique based on conditional ordering, i.e. nonfalse colors are present in the image result. The partition of the image enables us to build a mosaic of the saturation, with the average value of saturation in each region. After having studied the histogram of this mosaic image, we are able to define an optimal threshold value for the separation chromatic/achromatic, 3 and then we can define each area as being chromatic or achromatic. For the achromatic regions, we apply a color leveling with a luminance-based lexicographical ordering and for the chromatic regions, the ordering applied to the leveling is a hue-based lexicographical cascade. The origin of the hue h 0 is obtained as the dominant hue of the region, defined as the circular average of the hue weighed by the saturation of the pixels belonging to the region. 3 For both kinds of regions, the marker used for the leveling is a vectorial median of the image zone corresponding to the region. 5 The small regions are not processed (i.e. if the region has a surface area lower than a fixed threshold, the corresponding region in the output image is the color median of the original region). Figure 2 gives the result of morphological color simplification of image Lenna, together with the mosaic/contours of initial partition and the layer of color flat zones. The results can be compared with the classical levelings ( Fig. 1): for an equivalent visual degree of simplification, the FZR is higher, obtaining also better SNR, with the additional advantage of avoiding the propagation of colors between neighboring regions.
A second technique is proposed, this time a scalar one, i.e. based on marginal ordering and thus with false colors. Due to the fact that, in the image partition the regions are very homogenous (difficult to obtain annoying false colors), the results are also visually acceptable. The principle of this technique is to take individually each region and to compute the three marginal levelings for the components red/green/blue (RGB), by using as marker the average values of the region. 
Build the output color image f from its regions.
Scalar approach (marginal algorithm in RGB representation)
1. Obtain a partition of color image,
2. Process each one of the n regions of the partition. For the region
(a) Compute the size of the region, a Ri , the mean value of the components R, G and B, µ
3. Build the output color image f from its regions. Figure 3 gives a comparison of the vectorial and scalar algorithms on image Parrots. Starting from the same partition of the image, the results of the vectorial saturationguided technique are more interesting from a quantitative viewpoint by obtaining, for example, less color flat zones and better SNR; as well as from a qualitative viewpoint with satisfactory visual effects. Moreover, the enlarged color flat zones (in the example, zones of surface area greater than 50 pixels) are more homogeneously distributed on the vectorial simplified image, independently if the region is regular or textured.
Results and Discussion
The results verify the performance of simplification in terms of the enlargement of flat zones and the appropriateness of visual effects. Anyway, the approach component by component in the RGB representation can also be considered as valid, from a qualitative or quantitative viewpoint: as we supposed, and due to the fact that we are working on the region scale, the introduction of false colors in the scalar approach is not perceptible. In addition, the complexity and the necessary time of processing in the vectorial approach involves a prohibitive implementation for many time-demanding applications.
To complement the results of this paper, we have applied the vectorial algorithm of saturation-controlled color levelings λ reg l (where l is the level of the segmentation pyramid) on a selection of 11 images from a reference database, the "Berkeley Segmentation Dataset and Benchmark" (BSDB), 17 available online. BSDB is a database with 12, 000 (300 public available for tests) natural images (gray-level and color) which were hand-segmented. We have also used these images to illustrate the performance of our segmentation algorithms, the results were shown in Ref. 4 . The present method has been compared to two more classical morphological algorithms of color simplification:
• A leveling applied marginally to each of R, G and B components, using as image marker an alternate sequential filter of size s, 19, 21 λ ASF s .
• The average of each R, G and B region of the partition associated to the color quasi-flat zones, by means of the RGB Euclidean distance of value n, 19,32 qf z n .
Some images of this comparison of color simplification are shown in Figs. 4 and 5 (the number corresponds to that assigned in the BSDB), and for each image, two levels of simplification by algorithm are given: (1) regional leveling using levels 3 
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and 4 of a nonparametric pyramid of watershed; (2) scalar marginal RGB levelings using as markers ASF with structuring elements of size 5 and 10; (3) quasi-flat zones with RGB color distance lower or equal to 3 and 5. The parameters SNR and FZR have been computed for each simplified image, see their variations in the plots of Fig. 6 and their statistics in Table 1 .
It is observed that the best visual effects correspond to our present approach. The main drawback is the boundary effect, which can be perceived when the classes of the partition are very large (more probable to be inhomogeneous). However, the visual performance is good enough for the degree of simplification obtained, in comparison with the fade results of standard leveling (the simplified regions tend to become achromatic) and the poor results of quasi-flat zones (which lose very quickly significant regions).
We can assert from the values of SNR and FZR that our approach leads to the most stable results (lowest Std. Dev. and better coefficient of variation). In fact, in our algorithm, only one parameter must be chosen: the level of the segmentation pyramid, which is more robust in terms of simplification than the other two approaches, e.g. changing from level 3 to level 4 of the pyramid involves less than 1 dB of difference for SNR or 3% for FZR as well as the classical levelings 3 dB and 8% respectively when changing from a structuring element of size 5 to 10, and it is even worse for quasi-flat zones when changing only from distance 3 to 5.
Conclusions and Perspectives
In this paper we presented a morphological methodology of simplification of the color image structures by combining an initial color segmentation with a color leveling of each significant region, according to the nature of the region.
We have justified the contribution of this mixed segmentation-filtering method in comparison with classical levelings, mainly to avoid the propagation of nonpertinent colors between adjacent regions and to have a better control of the simplification degree. We have demonstrated by means of different examples the visual appropriateness of the approach to simplify natural color images as well as the considerable reduction of the image entropy in terms of an enlargement of color flat zones, preserving an acceptable quality in terms of SNR.
From a more general viewpoint, we discussed the problem of morphological color processing. The extension of mathematical morphology operators to multivalued functions, and in particular to color images, is neither direct nor general, mainly if the aim is to obtain useful transformations. To achieve that, we have proceeded here in two steps: (1) The use of a color representation (system LSH in norm L 1 ) which yields a correct formalization from a mathematical viewpoint and an intuitive interpretation of visual effects (as it is usual in mathematical morphology); (2) Starting from a direct extension of the morphological operators by using lexicographical orderings on the LSH system, we have introduced a new formulation of the approach to be better adapted to the complexity of color images.
The main interest of this approach are the applications of color processing which aim at very strong simplifications. In addition, the methodology can rely on (or combine with) region-based representations of the images and video sequences which are very useful in multimedia applications 24 for coding, semantic object-oriented segmenting and indexing.
